PURPOSE. The lens is a powerful model system to study integrinmediated cell-matrix interaction in an in vivo context, as it is surrounded by a true basement membrane, the lens capsule. To characterize better the function of integrin-linked kinase (ILK), we examined the phenotypic consequences of its deletion in the developing mouse lens.
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PURPOSE. The lens is a powerful model system to study integrinmediated cell-matrix interaction in an in vivo context, as it is surrounded by a true basement membrane, the lens capsule. To characterize better the function of integrin-linked kinase (ILK), we examined the phenotypic consequences of its deletion in the developing mouse lens.
METHODS. ILK was deleted from the embryonic lens either at the time of placode invagination using the Le-Cre line or after initial lens formation using the Nestin-Cre line.
RESULTS. Early deletion of ILK leads to defects in extracellular matrix deposition that result in lens capsule rupture at the lens vesicle stage (E13.5). If ILK was deleted at a later time-point after initial establishment of the lens capsule, rupture was prevented. Instead, ILK deletion resulted in secondary fiber migration defects and, most notably, in cell death of the anterior epithelium (E18.5 -P0). Remarkably, dying cells did not stain positively for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) or activated-caspase 3, suggesting that they were dying from a non-apoptotic mechanism. Moreover, cross to a Bax fl/fl /Bak -/-mouse line that is resistant to most forms of apoptosis failed to promote cell survival in the ILKdeleted lens epithelium. Electron microscopy revealed the presence of numerous membranous vacuoles containing degrading cellular material.
CONCLUSIONS. Our study reveals a role for ILK in extracellular matrix organization, fiber migration, and cell survival. Furthermore, to our knowledge we show for the first time that ILK disruption results in non-apoptotic cell death in vivo. (Invest Ophthalmol Vis Sci. 2012;53:3067-3081) DOI:10.1167/ iovs. T he extracellular matrix (ECM) is an essential contributor to the cellular microenvironment, and interaction with the ECM impacts critically cellular identity, behavior, and survival.
Perturbation of ECM integrity or communication with the cell leads to loss of tissue homeostasis, apoptosis, and disease. [1] [2] [3] [4] Cell interaction with the ECM is mediated by integrins that are responsible for physical cell attachment, but also link extracellular signals to intracellular pathways by recruiting adaptor (or scaffolding) proteins to their cytoplasmic tails. 5, 6 Exactly how those integrin signals are integrated within a cell to trigger the correct response remains unclear in many circumstances.
Integrin-linked kinase (ILK) is a key regulator of integrin signaling with serine/threonine kinase catalytic activity, 7, 8 and functions critically as an adaptor protein. 9 It acts as a hub to link extracellular integrin signals to intracellular signaling pathways, and regulates many aspects of cell biology, such as survival, proliferation, migration, and differentiation. It is localized at the cell-matrix interface, where it binds the cytoplasmic tail of beta1, beta2, and beta3-integrins, and couples them to the actin cytoskeleton. 10 ILK knock-out mice are embryonic lethal due to impaired epiblast polarization, and display abnormal F-actin accumulation at sites of integrin attachment to the basement membrane zone. 11 Tissue-specific deletion of ILK results in a wide range of pathological phenotypes. [12] [13] [14] [15] [16] [17] [18] The precise mechanism of ILK function in vivo, however, still is unclear. Overall, ILK regulates cytoskeletal dynamics as ILK deletion leads to disorganization of the actin cytoskeleton in mouse, 11 Drosophila melanogaster, 19 and Caenorhabditis elegans. 20 A hallmark of ILK deletion in the mouse is loss of basement membrane integrity, which displays fragmentation and/or detachment. [13] [14] [15] 17, [21] [22] [23] [24] [25] Loss of cell adhesion to the ECM (or disrupted cell-ECM signaling) results in anoikis, which is an apoptotic form of cell death, 26, 27 and a protective mechanism against inappropriate survival and proliferation of detached epithelial cells. Alterations in ILK function can, indeed, lead to apoptosis, 16, 28 either attributed to loss of matrix adhesion, 29 or due to an impaired stress response. 30 To study the involvement of ILK signaling in matrix organization and cell survival, we deleted it in the mouse ocular lens. The lens has a unique architecture featuring a close relationship between the epithelium and a specialized basement membrane, the lens capsule. 31, 32 During development, the lens pit detaches from the surface ectoderm to form the lens vesicle. This process requires synchronized cellular rearrangements, and remodeling of the ectodermal basement membrane to form an epithelial vesicle surrounded by the highly organized lens capsule. Primary fiber cells elongate to fill the hollow lens vesicle. Subsequently, the anterior epithelium proliferates and differentiates into secondary fibers at the equatorial transition zone. The basal tips of the secondary fibers interact with the posterior capsule through a basal membrane complex, which has been described as containing integrin signaling and cytoskeletal components. 33 It is unclear exactly how the basal membrane complex controls the adhesion and migration of the fiber cells along the lens capsule. The apical tips of the secondary fibers interface with the apical anterior epithelium, where they also migrate inwardly towards the lens suture. However, the mechanism regulating the unusual apical-apical epithelial cell interaction remains unknown.
The requirement for integrin signaling during lens development is illustrated by the overlapping expression of many integrins in the anterior epithelium, including beta1 and beta3-integrins. 34, 35 Specifically, beta1-integrins are localized at the basal surface of the anterior epithelium and in the basal membrane complex, 36 which all are areas where the lens cells contact the capsule, and mediate the attachment of fiber cells to the capsule. 33 Beta1-integrins also are detected at the apicalapical interaction between the epithelium and the fibers, where their role is unclear in the absence of matrix. 36 Moreover, maintenance of the lens epithelial phenotype is dependent on beta1-integrin, as conditional deletion of beta1-integrin results in apoptosis of the lens epithelium and degeneration of fiber cells. 37, 38 ILK is expressed in the adult lens, 32, 39 and adult mice with conditional ILK lens deletion are aphakic. 37 These studies, therefore, emphasize the requirement for ILK during lens development. However, its exact role still is poorly understood.
Following conditional ILK deletion in the developing mouse lens using two different Cre recombinases, we demonstrated that ILK is critical for the early stages of basement membrane establishment, and that ILK is a key molecule required for fiber migration and lens epithelial survival. A major unanticipated finding is that ILK deletion resulted in non-apoptotic cell death in the lens epithelium.
MATERIALS AND METHODS

Mouse Lines
All experimental procedures on animals conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and were approved by the Institutional Animal Care and use Committee (IACUC) of the University of California.
Conditional deletion of ILK in the lens was accomplished by crossing mice containing a conditional floxed ILK allele 12 to the LeCre 40 and Nestin-Cre 41 lines. Le-Cre induces recombination at the time of lens placode invagination. In the Nestin-Cre line, early lens development is allowed to proceed normally, and ILK is deleted in the lens only after the lens vesicle has detached from the surface ectoderm, and primary lens fiber cells have formed and elongated. 42, 43 Genetic rescue of apoptotic cell death was achieved by crossing the conditional ILK mutant mice to Bax; Bak double mutants 44, 45 to obtain Nestin-Cre; ILK fl/fl ; Bax fl/fl ; Bak -/-triple mutants.
Histological Analysis and Immunofluorescence
Mouse embryo heads were fixed in 4% paraformaldehyde (PFA) and either dehydrated in an ascending alcohol to chloroform series followed by paraffin embedding or cryoprotected in 30% sucrose for embedding in Tissue-Tek OCT (Sakura Finetek, Torrance, CA). Coronal paraffin sections (7 lm) were stained for eosin or PAS and hematoxylin staining using standard histological procedures. For immunofluorescence, coronal cryosections (10 lm) were blocked with 10% normal goat serum in 0.3% TritonX-100 and incubated overnight at 48C with antibodies directed against ILK (1:100, Cell Alexa488-conjugated phalloidin was added at the same time as the secondary antibodies for F-actin visualization. Staining was visualized with Alexa488 or Alexa568 conjugated goat anti-mouse or goat antirabbit secondary antibodies (1:500, Molecular Probes, Carlsbad, CA). To probe sections from the Le-Cre line with multiple antibodies, signal from the associated GFP transgene was quenched by sample processing. 40 For ILK and Phospho Erk staining, signal amplification was achieved using the TSA Plus kit (PerkinElmer NEL741, Waltham, MA). Nuclei were labeled with Topro-3 iodide (1:2000, Molecular Probes T3605), sections were mounted in Vectashield, and images obtained and analyzed using a Zeiss Pascal confocal microscope. Images were processed using Adobe Photoshop software and adjusted electronically for brightness and contrast.
ILK Western Blot
Mouse lenses (E17.5) from the same embryo were pooled and homogenized in RIPA buffer containing a protease and phosphatase inhibitor cocktail (Roche, San Francisco, CA), separated on a 4-15% acrylamide gel (Biorad, Hercules, CA) by SDS-PAGE, and transferred to a PVDF membrane. Membranes were blocked for 1 hour (5% milk powder, 0.1% Tween-20 in tris-buffered saline [TBS] ) and incubated overnight with 1:1000 anti-ILK (Cell Signaling 3862) or 1:5000 HRPconjugated anti-beta actin in 5% bovine serum albumin (BSA), 0.1% Tween 20 in TBS. Immunoblots were developed by enhanced chemiluminescence (ECL, Thermo Scientific, Waltham, MA).
Bromodeoxyuridine (BrdU) and Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assays
Cell proliferation was determined with a BrdU incorporation assay (5-bromo-2 0 -deoxyuridine, Roche) to detect cells in the S-phase of the cell cycle. Timed pregnant females were injected with 100 mM BrdU per gram of body weight and were sacrificed 3 hours after injection. The isolated embryos were fixed with 4% PFA, cryoprotected in 30% sucrose, embedded in ornithine carbamoyltransferase (OCT) and cryosectioned (10 lM). Sections were incubated overnight with antiBrdU (1:200, BD Pharmingen 555,627, San Jose, CA) and visualized with horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibodies (MOM kit, VectorLab PK-2200, Burlingame, CA), followed by color development with 3,3 0 -diaminobenzidine (DAB, Vector Lab SK-4100), and the sections were counterstained with hematoxylin. The number of BrdU-positive nuclei and the total number of epithelial cell nuclei per section were counted in a minimum of 3 sections per embryo (n ¼ 3-6 embryos per genotype). Results are expressed as mean 6 SEM. Statistical analyses were performed with Student's t-tests using Microsoft Excel software. Data were considered to be significantly different for P < 0.05.
Apoptotic cell death in cryosections (10 lM) of whole embedded embryonic heads was visualized by TUNEL staining using an InSitu Cell Death Detection kit (Roche, TMR red) according to the manufacturer's instructions. Positive control staining was confirmed in other tissue areas with known developmental cell death (mesenchyme, tongue, and otic epithelium) of the mouse coronal section.
Transmission Electron Microscopy
For electron microscopy, eyes were emersion-fixed in 2% PFA; 2.5% glutaraldehyde, and embedded in epoxy resin. Ultra-thin sections were viewed on an FEI Tecnai transmission electron microscope, and images captured using an SIA-L9C cooled CCD camera.
RESULTS
ILK Protein Expression during Lens Development
The spatio-temporal expression of ILK was examined during mouse lens development (Fig. 1) . At the lens vesicle stages (E11.5), ILK was detected in all cells of the lens (Fig. 1A) , and remained strongly expressed in the anterior epithelium and elongating primary fibers until the lens vesicle was filled completely (E12.5, Fig. 1F ). By E14.5, when secondary fibers begin to differentiate, ILK expression became restricted to the anterior epithelium and the newly forming fibers in the transition zone (Figs. 1B, 2G ), where it remained expressed at E17.5. This is consistent with the expression observed in the equatorial region of the adult lens. 39 Additionally, ILK also was detected in the developing retina, ciliary body, and hyaloid vasculature.
To investigate the role of ILK in lens development, we crossed mice harboring the ILK floxed allele 12 with mice expressing one copy of either the Le-Cre line that drives recombination in the lens placode starting at E9.5, 40 or the Nestin-Cre line that drives recombination in the lens epithelium from E14.5. 41, 46, 47 ILK deletion in the mutant lenses was confirmed by ILK immunostaining. Loss of ILK expression was evident in Le-Cre; ILK fl/fl lens at E11.5, whereas staining still was detected in the retina (Fig. 1J) . Le-Cre is expressed in the surface ectoderm that gives rise to the lens and part of the prospective cornea. However, ILK is not expressed in the cornea at this time (Fig. 1A) , so all phenotypes observed were a result of ILK function/deletion in the lens and not from interacting tissues. Similarly, ILK expression was reduced significantly at E14.5 in the Nestin-Cre; ILK fl/fl lens ( Fig. 1K) , and was completely undetectable at E17.5 ( Fig. 1L ) in the anterior lens epithelium (Fig. 1M ) and the differentiating fibers (Fig. 1N ). In addition, Western Blot ( Fig. 1I) showed effective ILK deletion in the E17.5 whole lens. The faint band observed likely is due to contamination with hyaloid vasculature (that is non-recombined and ILK-expressing) during dissection.
Early ILK Deletion Leads to Anterior Capsule Rupture and Lens Degeneration
Histological analysis of the Le-Cre; ILK fl/fl lens ( Fig. 2 ) revealed significant morphological defects at the time and site of lens vesicle detachment from the surface ectoderm. While the mutant ILK lens vesicle detached properly from the surface ectoderm, the anterior epithelial cells were disorganized (E11.5, Figs. 2B, 2B'), and the capsule was discontinuous in this region (Fig. 2B ', pink stain, arrowhead). Epithelial cell derangement and capsule abnormalities remained evident at E12.5 and E13.5 (Figs. 2D', 2F'), where the capsule was less organized as lamellae detached from the capsule (arrows). At the same time, elongation of the primary fibers and general structure of the posterior capsule looked relatively normal in the Le-Cre; ILK fl/fl mutant lenses. In 50% of the E13.5 mutants and 100% of the E14.5 mutants, the anterior part of the lens capsule ruptured, with extrusion of the epithelial and fiber cell mass into the aqueous space (Figs. 2H, 2H'). Exiting of the fiber cells was observed further with the specific lens fiber marker ccrystallin (Figs. 3G, 3H ). Once ruptured, the lens subsequently degenerated and resulted in a microphthalmic eye (data not shown).
Capsule Organization Is Impaired in the ILK Deficient Lens
Since capsule defects were observed at the time of lens vesicle formation, we examined the deposition and organization of individual ECM components at E11.5-E13.5 in control and LeCre; ILK fl/fl mutant lenses (Figs. 3A-N). The lenses also were examined for the presence of apoptotic cell death (Figs. 3A-F).
Separation of the lens pit from the surface ectoderm involves localized apoptosis of epithelial cells at the site of detachment followed by epithelial fusion. 48, 49 In the detaching epithelium, normal apoptosis was detected in controls and mutants at E11.5 and E12.5 as shown by positive TUNEL staining profiles (Figs. 3A-D, long arrows), indicating that separation occurs normally. In the fibers, however, no apoptotic cells should be detected as shown in the control lens (Figs. 3A, 3C, 3E). In the Le-Cre; ILK fl/fl mutant, some additional abnormal apoptotic cells were detected in the center of the lens vesicle (Figs. 3B, 3D, 3F, short arrows), presumably due to extrusion of the fibers cells following capsule rupture.
Remodeling of the lens capsule ECM is necessary as the epithelium detaches from the surface ectoderm. The existing basal lamina breaks down and a new one is synthesized to join the fusing edges of the capsule. We examined the distribution of collagen IV and laminin, which are major components of the lens capsule. 31 In contrast to the regular, compact appearance in the controls, the collagen IV staining was irregular in the LeCre; ILK fl/fl lenses (Figs. 3B, 3D) and showed improper fusion of the capsule edges at E12.5 ( Fig. 3D) . Discontinuities (Fig.  3D , arrowheads) and regions of diffuse staining were observed in 100% of the E12.5 and 85% of the E13.5 lenses examined (see Supplementary Fig. 1 , http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.11-9128/-/DCSupplemental). This diffuse signal likely was due to detachment of lamellae from the capsule and a lack of compaction rather than an increase in extracellular matrix synthesis. At E13.5, the collagen IV staining became more discontinuous in the mutant lens and the capsule was ruptured (Fig. 3F, arrowheads) . Laminin 3 FIGURE 2. ILK is necessary for early lens development and capsule integrity. Sections from control and Le-Cre; ILK fl/fl mutant lenses at embryonic stages E11.5, E12.5, E13.5, and E14.5 were analyzed with a combination of PAS staining to visualize the lens capsule basement membrane (pink: A-F), and hematoxylin and eosin staining (G, H) as indicated. Disorganization of the lens epithelium and altered organization of the anterior lens capsule beginning at E11.5 are evidenced at the site of vesicle detachment (arrowheads), where detached lamellae (arrows) are observed in the mutant. The lens ruptures by E14.5. Enlarged pictures show the anterior epithelium (A'-F') or exiting of primary fibers (G', H') of the corresponding lens. Scale bars are 50 lm.
organization in the anterior capsule of the Le-Cre; ILK fl/fl mutant lenses also was impaired (Figs. 3I-J); however, not as severely as collagen IV. Capsule discontinuities and lamellae detachment (Fig. 3J) were observed. Therefore, collagen IV and laminin were expressed following ILK deletion, but discontinuously and diffusely, which is indicative of a disorganized basement membrane. Since development of a mature basement membrane depends on the proper formation of a provisional fibronectin scaffolding, 50, 51 we investigated fibronectin expression at the earliest stages of lens capsule formation. In the E11.5 control lens, fibronectin was detected at the edges of the fusing capsule ( Fig. 3K and enlargement) , but showed improper diffuse staining in the ILK mutant ( Fig.  3L and enlargement) . At E13.5, fibronectin remained diffusely expressed and failed to form a continuous basement membrane ( Fig. 3N and enlargement, arrowheads) . The ILK-deleted Lens Epithelium Displays aSMA Independent of EMT Next, we explored whether epithelial molecular defects could explain the morphological disorganization observed in the ILKdeleted anterior epithelium.
Disruption of integrin signaling in the lens triggers some features of EMT and loss of epithelial identity. 38 Therefore, we investigated the expression of markers of EMT, E-and Ncadherin that are deregulated during EMT, 52 and PAX6, which is essential for maintenance of the epithelial phenotype in the lens. 53 Unexpectedly, E-cadherin, N-cadherin, and PAX6 expression levels were not changed significantly in the LeCre; ILK fl/fl anterior epithelium (Fig. 4 compare A, C, E to B, D, F). However, because E-cadherin stains the cell membranes, it evidenced the disorganization of the epithelium layer at the cell-cell interaction level (Figs. 4G, 4H) .
Another common marker for detection of EMT and cellular stress is aSMA. 54 In the control lens epithelium, its expression was very weak, but showed a strong upregulation in the LeCre; ILK fl/fl mutant (Fig. 4 compare I and J) . In the lens, the tight junction protein ZO-1 is expressed regionally at the apical side of the epithelium (Fig. 4K) . In the Le-Cre; ILK fl/fl mutant its expression showed minor interruptions (Fig. 4L, arrow) . Ncadherin also is expressed at the apical-apical epithelial-fiber interactions as shown by the sharp green staining in the control (Fig. 4C, arrows) , whereas in the mutant its expression was not as defined and intense (Fig. 4D) .
Therefore
ILK Is Involved in Fiber Migration and Epithelial Cell Survival
To analyze further the function of ILK in the developing epithelium, we deleted ILK in the lens after the establishment of the capsule by crossing the ILK fl/fl mice with mice harboring the Nestin-Cre transgene, 41 which drives recombination in the lens epithelium from E14.5. 42, 43 As shown in Figures 1L-N , Nestin-Cre reduces significantly the levels of ILK expression at E14.5, and ILK protein is absent completely in later stages. Surprisingly, ILK ablation by the Nestin-Cre line led to progressive loss of the central epithelium (Fig. 5 ). This central cell loss rapidly extended to the peripheral epithelium and eventually resulted in complete lens degeneration. Disorganization of the anterior epithelium was evident at E17.5 (Fig. 5C) , where 45% of the embryos (n ¼ 11) exhibited multilayers of unevenly spaced cells. In 100% (n ¼ 3) of E18.5 lenses, the epithelial cell nuclei were spread out but their cytoplasm still was detectable (Fig. 5G, arrows) , indicating that fewer but larger epithelial cells are present and have expanded over regions of cell loss. Finally, at P0 (n ¼ 5) large gaps of missing cells were observed in 60% of the embryos (not shown), while total loss of the anterior epithelium was observed in 40% of the embryos (Figs. 5M, 5N, arrows) , some of which already displayed degenerating lenses (Fig. 5N, inset) .
Along with the loss of epithelial cells, a striking difference in fiber cell migration was observed in the Nestin-Cre; ILK fl/fl lenses. Normally, secondary fibers differentiate from the epithelial cells at the transition zone and elongate, contributing to the rounded shape of the lens. The apical tips of the fiber cells migrate along the apical side of the epithelium. When they reach the suture, they detach and link to tips of their symmetrical opposite 55 (Figs. 5B', 5F', arrows). The anterior end feet of the ILK-mutant secondary fibers consistently failed to migrate along the apical side of the epithelium (Fig. 5C ', arrows) and piled up at the transition zone, creating a bowed morphology at E17.5 (100% of n ¼ 11). (The bowed morphology also can be seen in Fig. 6R ). Anterior fiber migration failure was observed further with phalloidin staining to visualize F-actin at E18.5 (Figs. 5I, 5I' and 5J, 5J'). As a result, the lens core was pushed-up against the epithelium (Figs. 5D,  5H ). Areas of degeneration and vacuoles also were detected in the posterior part of the ILK-mutant lens (Figs. 5H, 5N) . Finally, the lenses degenerated in newborns and were completely absent from adult mutant animals (data not shown). The basal D) , and E-cadherin (E, F) expression are unchanged in the ILKdeleted epithelium. However, the stress marker aSMA is upregulated in the epithelium (I, J), and E-cadherin staining reveals epithelial disorganization following ILK deletion (G, H). The epithelium-fiber interface is slightly disorganized, as shown by the perturbed expression of the apical marker ZO-1 (K, L), which is discontinuous (arrow). All samples are E13.5. Blue staining is Topro-3 iodide for nuclei. Scale bars are 50 lm. tips of the fibers were able to migrate along the posterior capsule at E17.5 (Figs. 5O, 5P, arrows) , but the posterior lens displayed an abnormal fiber-fiber interaction zone at the suture (Fig. 5P, dotted line) . At later stages, posterior migration appeared slightly disrupted; however, the presence of numerous vacuoles made it difficult to analyze the basal tip of the fibers in detail (Figs. 5Q-T).
ILK Deletion Does Not Lead to Lens Capsule Discontinuity in Nestin-Cre Mutants
Since capsular defects were observed in the Le-Cre; ILK 
Anterior Epithelial Cells Are Disorganized and Lose Their Epithelial Characteristics
To understand better the anterior epithelial cell loss observed in the Nestin-Cre; ILK fl/fl mutant lens, molecular analysis of the epithelium was performed at E16.5 just before the beginning of cell loss (Fig. 6 ) and showed the same type of phenotype as in the Le-Cre; ILK fl/fl , notably a strong up-regulation of aSMA (Figs. 6E, 6F) indicative of cell stress. Misexpression of ZO-1 was observed in the anterior lens epithelium (ALE, Fig. 6H ) along with conserved expression of PAX6 (Figs. 7C, 7D) . Moreover, ZO-1 was not detected at the transition zone (Fig. 6K) , which is consistent with the incapacity of fibers to migrate beyond this point in the mutants (Figs. 5C', 5G', 5J', 5M'). However, the epithelial organization of the lens was much more disturbed in the Nestin-Cre; ILK fl/fl than in the Le-Cre; ILK fl/fl as revealed by Ecadherin staining (Figs. 6A, 6B ). In the control epithelium, the cells formed a monolayer and E-cadherin displayed a sharp, vertical staining, revealing the normal cuboidal shape of an epithelial cell (Fig. 6A) . In the Nestin-Cre; ILK fl/fl mutant epithelium, the nuclei were multilayered, the E-cadherin staining was diffuse, and the cells displayed a perturbed morphology showing the loss of architecture of the lens epithelium.
As the most abundant mitogen-activated protein kinase (MAPK) in the lens epithelium, 56 ERKs are implicated in all aspects of lens epithelial biology, including fibroblast growth factor (FGF)-induced cell proliferation and differentiation, 57 and apoptosis. 58 It also has been shown that beta1-integrin deletion leads to decreased activation of ERK and cell death of fetal islet cells. 59 Staining for phospho-ERK (Figs. 6M, 6R) revealed a dramatic reduction in ERK activation in the ILKmutant epithelium, indicative of a generally disturbed function of the epithelium. 
Anterior Epithelial Cells Die through a NonApoptotic Mechanism
Loss of the anterior epithelial cells could be explained by changes in proliferation or apoptosis. Whereas in the adult lens, cell proliferation is restricted mostly to the germinative zone in which epithelial cells differentiate into secondary fibers, at embryonic stages a large proportion of the developing anterior epithelium is proliferating rapidly. 55 Since ILK deletion can lead to reduced proliferation in the brain, 17 it seemed possible that reduced levels of proliferation could impact the number of epithelial cells in the ILK mutant lens. However, a BrdU incorporation assay revealed that proliferation was unaltered in the ILK mutants regardless of stage (Figs. 8A-C) , suggesting that loss of the anterior epithelium was not due to exhaustion of the pool of epithelial cells following differentiation into fiber cells. Therefore, apoptosis was explored as the favored mechanism to explain the loss of anterior epithelial cells following ILK deletion. We hypothesized that a significant number of epithelial cells would need to undergo apoptosis to explain the ALE loss. Moreover, as the cell loss was progressive over a few days of embryonic development, apoptosis likely would be detected at various stages. Therefore, TUNEL staining was performed before the cell loss phenotype was observed at E16.5 (n ¼ 3 mutants), when cell loss was dramatically increasing at E17.5 (n ¼ 4 mutants) and E18.5 (n ¼ 7 mutants), and when the epithelium was nearly lost at P0 (n ¼ 5 mutants). Surprisingly, anterior epithelial cells were TUNEL-negative in controls and mutants at E16.5, E17.5, and E18.5 (not shown and Figs. 8H, 8I ). Only occasional positive cells were detected (arrows) with no significant difference between controls and mutants. In the lens core at early developmental stages, fibers normally displayed high TUNEL background (asterisks). This likely is due to the active denucleation process occurring in the lens fiber cells at this time, resulting in dispersion of degrading DNA and TUNEL-positive nuclei. 60 Negative TUNEL staining was not due to technical issues, as developmental apoptosis was detected strongly in other tissues present in the embryonic section, such as the tongue 61 (E16.5-E17.5, not shown), corneal epithelium and eyelids (E18.5-P0, not shown). At P0 when major gaps were observed in the epithelium, only occasional apoptotic cells were detected (Figs. 8K, 8K ', arrows) with no increased incidence near the gaps. In the gaps, some TUNEL-positive nuclei were detected (Fig. 8K',  asterisk) . However, these nuclei also co-stained with fiber cell marker c-crystallin, 62 indicating that TUNEL-positive profiles belonged to denucleating fibers and not epithelial cells (Figs.  8L, 8M ). Therefore, cell loss in the anterior epithelium of Nestin-Cre; ILK fl/fl lenses was not a consequence of elevated apoptosis as detected by TUNEL staining.
To corroborate this result, E17.5 and P0 sections were stained for cleaved caspase-3, which is the key executioner caspase that ultimately will lead to the cleavage of cellular proteins during apoptosis. 63 Neither control nor Nestin-Cre; ILK fl/fl lenses displayed caspase-3 staining (Figs. 8D-G) reinforcing the finding that cell loss in the anterior epithelium was not due to apoptosis. The inset in Figure 8E shows a positive control of cleaved caspase-3 staining in cells outside of the lens, but on the same tissue section.
To confirm further that ILK-deleted cells do not die from an apoptotic mechanism, the ILK lens deletion was introduced in Bax/Bak knock-out mice that are resistant to apoptosis. 44, 45 If the anterior epithelium was dying from a caspase-dependent mechanism, we would expect apoptosis to be blocked in these mice and some cells to be left in the central lens epithelium. However, the anterior cell loss phenotype was not rescued in the triple ILK; Bax; Bak mutants signifying that the anterior lens epithelium died independently from the pro-apoptotic members of Bcl-2 family (Fig. 9) .
Therefore, ILK-deleted ALE cells died displaying none of the usual structural or molecular features of apoptosis. To characterize better the type of cell death involved, the ultrastructure of the dying cells was examined at P0. Transmission electron microscopy allows a clear detection of apoptotic cells by visualization of rounding-up and shrinkage of the cells, nuclear fragmentation, membrane blebbing, and presence of apoptotic bodies. 64 However, none of these features could be distinguished in the mutant cells (Fig. 10) . Whereas the controls showed a typical epithelial organization (Fig. 10A) , the mutant ALE was disorganized but displayed no apoptotic bodies or any features of apoptosis (Figs. 10B, 10C) . Enlargements (Figs. 10D-F) show that the mutant nuclei displayed no difference from the controls, being irregularly shaped with evenly spread chromatin. No nuclear fragmentation and no rounding or shrinkage were observed in any mutants (n ¼ 3). Collectively, these observations clearly eliminate the possibility of apoptosis in the ILK-deleted ALE.
Other major types of cell death are necrosis and autophagy. Necrosis is defined by cytoplasmic and organelle swelling, and rupture of the plasma membrane. 64 Swelling was not observed in the mutant ALE, neither at the cellular nor nuclear level (Fig.  10 , compare D to E-F). However, whereas the control cells are outlined clearly by continuous cell membranes (Fig. 10E , arrowheads) the mutant cell membrane is less clear (Figs. 10F,  10G, arrowheads) . Autophagy-associated cell death is characterized by massive vacuolization of the cytoplasm and accumulation of double-membraned autophagic vacuoles containing scattered material, typically remnants of membranes. 64, 65 Indeed, the mutant ALE was characterized by the presence of numerous vacuoles of all sizes (Figs. 10B, 10C , arrows) that never were detected in the control.
These vacuoles (Figs. 10G-I ) were defined by a membrane (arrowheads) and contained degrading cellular material, including membranes, which is reminiscent of autophagic vacuoles. 64 In summary, these observations confirmed that apoptosis does not occur in the mutant lens, and suggested that death by either necrosis or an impaired autophagy pathway is possible. These results clearly involved ILK in cell survival in the ALE and point to an unexpected role for ILK in non-apoptotic cell death. 
DISCUSSION
In an effort to understand the importance of integrin-mediated signaling during lens development, we investigated the phenotypic consequences of ILK deletion at different stages of lens development. We showed that ILK has an important role in organization of the lens capsular basement membrane, fiber migration and epithelial cell survival.
ILK Is Required for Early Assembly and Organization of the Lens Capsule ECM
The ECM is a major component of the cellular microenvironment that drives cellular changes during development, aging, and disease. It can be organized into a laminar basement membrane, which serves as a boundary between tissues and a platform for cell growth, differentiation, and survival.
1,3 ILK is required for basement membrane assembly in the brain 17, 22 and in the kidney glomerulus; 15 however, the underlying mechanism remains unknown. Our study has enabled us to refine our understanding of ILK signaling in matrix organization in vivo, by examining the formation and maintenance of the lens capsule, one of the thickest basement membranes in the body.
Separation of the lens vesicle from the surface ectoderm occurs between E10.5 and E11.5, and is associated with destruction, re-synthesis, and rearrangement of the basal lamina of the prospective lens. 66 In the Le-Cre; ILK fl/fl mutant lens, the epithelium separated normally from the surface ectoderm via apoptosis, but the capsule showed signs of weakness followed by rupture at later stages. This suggests that the matrix breakdown occurred, but the re-synthesis and/or rearrangement of the new basal lamina required to fuse with the old one was impaired. In contrast, the capsule of the Nestin-Cre; ILK fl/fl mutant was affected only mildly with slight signs of unevenness but no rupture. The Nestin-Cre transgene is active only after the lens has generated the embryonic capsule, and has switched from robust matrix synthesis to maintenance of the existing basement membrane. The comparison of the capsule phenotypes observed with the early Le-Cre and late Nestin-Cre lines, therefore, highlights the requirement for ILK during ECM early assembly rather than during basement membrane maintenance.
ECM assembly into an organized capsular basement membrane during development requires the generation of an initial fibronectin scaffold that allows subsequent binding and organization of other matrix constituents, such as collagen IV and laminin into a mature basement membrane. 1, 31 We showed in the Le-Cre; ILK fl/fl mutant lens that collagen IV and laminin are expressed but are organized poorly, as seen by diffuse staining and lamellae detachment. Moreover, fibronectin expression was faint and diffuse, suggesting that impaired formation of the fibronectin scaffold in the ILK-mutant lenses inhibited further maturation of the capsular basement membrane. Our results are consistent with in vitro reports showing that ILK is required for fibronectin matrix deposition and fibrillogenesis. 1, 31, [67] [68] [69] In accordance with these previous in vitro studies, we propose that ILK has a critical role in the assembly of the fibronectin scaffold in vivo.
Is ILK Required for Apical-Apical Cell Interaction?
The posterior end of the secondary fibers migrates along the capsule, then detaches and forms the posterior suture by connecting to the posterior end of the opposite fibers. Adhesion, migration, and detachment of the fiber cells from the capsule is mediated by the basal membrane complex (BMC). 33 Beta1-integrin is required for attachment of the BMC to the lens capsule, 33 suggesting that ILK also might be involved in this process. The ILK-deleted lens showed a slightly defective migratory pattern of the posterior fibers; however, the defect was mild, suggesting that ILK does not have a major role in this process. Other beta1-integrin binding partners, such as the focal-adhesion kinase (FAK), which is present in the BMC, 33 could be involved in posterior fiber migration. In contrast, migration of the anterior tips of secondary lens fiber cells was completely defective in the Nestin-Cre, ILKdeleted lens. Normally, the apical tips of the fibers migrate along the apical side of the anterior epithelium in a peripheral to central direction, eventually detaching to form the anterior suture. 55 However, the cell and molecular pathways driving this unusual apical-apical interaction are not understood. In absence of ILK, the apical tips of the fibers could not migrate along the anterior epithelium and, instead, accumulated at the transition zone, where impaired expression of ZO-1 was observed. Integrins and ILK usually mediate cell-matrix interactions rather than cell-cell interactions. 10, 69, 70 However, we show that in addition to the capsule-epithelial interface, ILK also is expressed all along the epithelial-fiber cell interface, including strong expression in the transition zone where the apical end of the new fibers are located (Figs. 1D, 1E ) and where their migration is impaired in the mutant lens. Interestingly, ILK has been shown to be involved in early formation of cell-cell contacts in primary keratinocytes. 71 Our results suggested the possibility that ILK regulates adhesion and/or migration at this unusual apical-apical cellular interface.
Interestingly, the same fiber migration defect is observed when the Rho GTPase-dependent signaling pathways are disturbed in the lens either by over-expression of a negative regulator, 72, 73 disruption of the upstream non-canonical Wnt/ PCP pathway, 74 or following deletion of an adapter protein linked to this pathway. 68 In a manner similar to Rho GTPases, ILK has a pivotal role in regulating actin cytoskeletal dynamics and cell adhesive interactions, 72 events presumed to enable migration of the fibers along the anterior epithelium. 75 Studies of ILK deletion in vascular smooth muscle cells suggest that ILK regulates cell contractility and myosin light chain phosphorylation via the Rho pathway. 76 A potential mechanism that remains to be explored is whether ILK could regulate apical-apical adhesion through a Rho-family dependent mechanism.
Overlapping and Distinct Roles of Beta1-Integrin and ILK in Lens Development
ILK is known as an important regulator of integrin signaling and binds to beta1-integrin, 70 which is expressed in the lens epithelium. 39 Consequently, it was expected that deletion of ILK would generate a similar phenotype to the deletion of beta1-integrin 38 in the developing lens. Indeed, both mutants show cell loss in the anterior epithelium, beginning during late embryogenesis, which results in absence of epithelium at birth, followed by rapid lens degeneration. However, some significant differences are apparent.
Unlike ILK, beta1-integrin deletion impairs Pax6 and Ecadherin expression, indicating that beta1-integrin is essential to maintain the lens epithelial phenotype and is involved at least partially in EMT. 38 While the epithelial cells from ILK mutant lenses are disorganized and stain for aSMA, we do not have strong evidence that they are undergoing true EMT. Moreover, whereas ILK and beta1-integrin 36 are detected at the epithelial-fiber cell interface, no anterior fiber migration defects have been reported in the beta1-integrin mutant lens, suggesting that ILK function in apical-apical interactions also is independent of beta1-integrin. Finally, the modalities of epithelial cell death differ between the two mutants. The beta1-integrin deleted lens epithelium showed TUNEL-positive cells as early as E16.5 and caspase-3-positive staining in the newborn lenses, whereas we were unable to see any signs of increased apoptosis in the ILK-deleted lens epithelium. Overall, the partially overlapping phenotypes suggest that integrins and ILK display some distinct and some overlapping functions. This is possible, as beta1-integrin may connect with other adapters proteins, like FAK, and ILK may bind to other beta integrin subunits. Furthermore, ILK has been shown to signal downstream of growth factors, 77 and possess some cell-matrix independent functions in the cell nucleus and at cell-cell junctions. 78 
ILK Deletion in the Lens Results in Non-Apoptotic Cell Death of the Anterior Epithelium
ILK deletion resulted in progressive loss of the central anterior lens epithelium leading to a lens devoid of epithelium, which degenerated rapidly. Three major reasons could explain cell disappearance. Anterior epithelial cells could migrate away from the lens resulting in gaps in the epithelium. However, this possibility is unlikely, since the lens capsule remains unruptured in the Nestin-Cre; ILK fl/fl mutant and no epithelial cells are observed in the interior of the lens. Decreased proliferation also could lead to exhaustion of the pool of epithelial cells that differentiate into secondary fibers and explain cell loss. However, proliferation was not disturbed following ILK deletion as shown by BrdU incorporation studies. Therefore, cell death was the most probable mechanism to explain cell loss of the ALE.
Apoptosis is the most common cell death pathway encountered following genetic manipulation in the lens epithelium, 38, 62, 66 and it has been shown previously that integrin signaling is required for cell survival in the developing lens, as beta1-integrin deleted lens epithelium undergoes apoptosis. 38 Moreover, ILK has been shown to be involved in the regulation of anoikis, which is an apoptotic form of cell death induced by loss of cell-matrix attachment. 26 When cells are grown in an anchorage independent manner, overexpression of ILK leads to anoikis resistance, whereas expression of a dominant negative form of ILK induces apoptosis. 29, 69, 79 A clear expectation would have been for the Nestin-Cre; ILK fl/fl lens epithelial cells to die through the same mechanism. However, none of the morphological features of apoptosis could be detected at any stage in the Nestin-Cre; ILK fl/fl anterior epithelium. TUNEL showed no DNA fragmentation, and electron microscopy showed no rounding-up of the cells, no reduction of the cellular and nuclear volume, no nuclear fragmentation, no membrane blebbing, and no apoptotic bodies, 64 pointing to a role for ILK in another cell death process than anoikis/apoptosis.
To characterize better the molecular features of ILK deletion-related cell death, the key executioner activatedcaspase-3 was analyzed but showed no staining. The role of Bax and Bak, which are pro-apoptotic members of the Bcl-2 family, also was investigated by crossing the ILK-deleted mice to Bax/Bak deleted mice that are resistant to apoptosis. 44, 45 The rationale was that if the ILK-deleted cells died from apoptotic mechanisms, cell death would be prevented in the triple mutant. However, cell death was not rescued, eliminating Bax and Bak involvement. In Bax/Bak deficient mice, the cell-intrinsic apoptosis pathway is inhibited; however, in some cells, such as thymocytes, the extrinsic pathway can initiate apoptosis in the absence of Bax and Bak. 44, 45 However, the intrinsic and extrinsic apoptotic pathways converge to activation of caspase-3 and DNA fragmentation, 63 which could not be detected in the ILK-deleted lens epithelium. Taken together, these data indicate that the cells die from a nonapoptotic, Bax, Bak and caspase-3-independent mechanism.
Can the death of the anterior epithelium result from loss of epithelial fiber contact and, therefore, be a secondary consequence of defective fiber migration? Several studies report a defect in migration of the anterior tip of the lens fibers in mice that is very similar to what we describe. 72, 73, 80 However, this defective migration was not accompanied by massive cell death, suggesting that the ALE can survive without fiber interactions and that the cell death observed in the Nestin-Cre; ILK fl/fl anterior lens epithelium is, indeed, a consequence of ILK deletion. However, it is notable that ILK deletion has been performed in various organs and generally is not linked to cell death or cell survival issues in vivo. 17, 22 Most of the studies that have shown ILK inhibition contributing to cell death have been performed in vitro. 18, 28, 29, 16 When cell death is detected as a result of ILK deletion in vivo, it is in a pathological context of hepatitis, 16 where cells, therefore, are stressed. Apart from anoikis, an alternative cell death/survival pathway that involves regulation of ILK levels is resistance of cells to stress. 30, 81 In cultivated lens epithelial cells, inhibition of ILK binding and/or activity results in increased death following serum deprivation or exposure to tunicamycin. 30 Moreover, the authors indicate that their results point to an apoptotic mechanism, but do not formally exclude nonapoptotic mechanisms. Interestingly, in the ILK-deleted anterior epithelium, electron microscopy evidenced massive vacuolization of the cytoplasm, and accumulation of doublemembraned vacuoles containing degenerating material that closely resemble autophagosomes, 64 and point to an autophagic cell death as defined by Kroemer et al. 64 Autophagy is induced as a means of cell survival during cell stress, such as nutrient deprivation or trophic factor withdrawal, by digesting and recycling non-necessary material, but can lead to cell death upon sustained exposure to stress. 63, 64 A possible, yet untested, explanation in the ILK-deleted anterior epithelium is that the cells cannot benefit from the aqueous growth factors as the capsule, which is a reservoir for growth factors, and the interface between the aqueous and the epithelium is impaired, leading to elevation of autophagy as a mean to supply energy and, ultimately, to cell death as the stress factor (i.e., ILK deletion and capsule deficiency) is not withdrawn.
In summary, we show that ILK is required for organization of the lens capsule matrix, migration of the secondary fibers at the apical-apical interface, and cell survival, and that ILK deletion in late embryogenesis leads to non-apoptotic cell death. The significance and possible involvement of ILK in autophagy-associated cell death remains for future study. However, the lens may provide a powerful and unique model system to study the role of ILK in novel cell death pathways in a physiological context.
